Abstract -Typical face widths of longwall mining installations in the United States range from 500 to 750 ft and are usually operated at a utilization voltage of 995 V. Since the introduction of longwall mining in the United States, continuous developments and improvements of face equipment have occurred, and there is a trend toward high-capacity longwalls with face widths up to 900 ft. This evolution of longwall equipment, which has resulted in significant increases in horsepower requirements, has reached a point where the adequacy of 995 V as an efficient utilization voltage is questionable. Thus, higher utilization voltages, such as 2400 V, are more appropriate. This paper compares some operational aspects of systems at both voltages and the additional safety criteria used to meet Mine Safety and Health Administration (MSHA) requirements for the safe application of 2400 V.
I. INTRODUCTION
The power requirements of high-capacity longwall systems have significantly increased in recent years, such that the combined horsepower for the face conveyor, shearer, stage loader, crusher, and hydraulic pumps can exceed 2500 hp. The present application of 995 V as the utilization voltage may be inadequate for these highcapacity applications, and the major concerns include:
1. the available fault currents from high-capacity power-center transformers with 995-V secondaries can exceed the interrupting capabilities of existing 1000-V circuit breakers; 2. the maximum practical limit on cable size can be exceeded because of the high-current requirements at 995 V; and 3. excessive voltage drop, which is a function of cable size and line currents, significantly reduces motor torque.
The last concern, reduced torque, is critical to the operation of the face conveyor, most specifically to the tailgate motor. With reduced torque due to excessive voltage drops, it may be difficult, if not impossible, to start and run a loaded conveyor.
The above-mentioned concerns can be eliminated by using higher utilization voltages. Paragraph 18. Brookwood, AL in this context is defined by federal regulations as greater than 1000 V.) Also, the Mine Safety and Health Administration (MSHA) has recently developed approval criteria for high-voltage equipment containing on-board switchgear to supplement existing regulations so remote operation of high-voltage switching devices is now not required. However, the use of high voltage (greater than lo00 V) to power face equipment still requires approval from MSHA to modify the application of Paragraph 75.1002 of Title 30, Code of Federal Regulations, which states:
Trolley wires and trolley feeder wires, high-voltage cables and transformers shall not be located inby the last open crosscut and shall be kept at least 150 ft from pillar workings.
To obtain approval from MSHA, the mine operator must show that a proposed alternative method will at all times guarantee no less than the same measure of protection afforded by the existing standards.
The first MSHA experimental permit for high-voltage on-board switching was granted for a 2400-V longwall system at the Jim Walter Resources No. 7 Mine on July 7, 1985 ; as of July 1988, ten other 2400-V longwall systems have received permits enabling operation of on-board switching [l] . MSHA's present practice is to grant approvals for systems rather than experimental permits for individual installations, and a recent survey shows that 18 longwalls are operating at 2400 V or greater [2] . This paper discusses some of the operational aspects of a 2400-V system, as compared with a 995-V system, and presents criteria for meeting MSHA approval for the safe application of 2400-V systems. (With the 2400-V system, the actual machine ratings would be 2300 V; whereas, with the 995-V system, the machines would be rated at 950 V.) The following topics are presented: (1) circuit-breaker interrupting capabilities; (2) cable ratings, guarding, and handling; (3) permissibility requirements; (4) ground-fault protection; (5) high-voltage segregation barriers; (6) interlock switches and visual disconnects; (7) personnel training; (8) short-circuit protection; and (9) human factors.
CIRCUIT BREAKER INTERRUPTING CAPABEITES
The power-center transformer impedance is needed to compute the maximum available fault current at the secondary of the transformer. For mine power centers, the per-unit values of transformer impedance normally fall in the range of 0.04 to 0.06 pu, with a reactance-to-resistance (X/R) ratio of approximately 4. The actual available fault current is also dependent upon the impedances of the upstream distribution cables and the surface-substation transformer, as well as the equivalent impedance for the utility system. These impedances vary with each longwall installation.
Therefore, for simplicity, the worst-case situation -assuming a bolted (zero-impedance) three-phase fault at the transformer secondary and an infinite bus at the primary -is used. In other words, the impedance of the power-center transformer will be considered as the only impedance for limiting fault current. This approach produces pessimistic fault-current values but gives a reasonable indication of whether a given circuit breaker has sufficient interrupting capabilities. Table 1 summarizes the maximum symmetrical fault currents at the two system voltages at various kVA ratings and impedances for this worst case.
Molded-case circuit breakers are typically used in mining applications for voltages up to 1000 V and are rated on a symmetrical basis rather than an actual maximum asymmetrical current value. This eliminates the need for determining asymmetrical values in some cases, but the symmetrical rating should be used with caution since a predefined power factor is used by the breaker manufacturer for testing and rating. The commonly used 1000-V mine-duty molded-case circuit breakers have a maximum 14,000-A symmetrical intempting rating at power factors greater than or equal to 50% [3]. However, as noted above, powercenter transformers have typical X/R ratios of 4, which could result in power factors significantly below 50% during a fault. Thus, the interrupting capability of a circuit breaker must be derated to take into account power factors less than 50%, and the actual interrupting capability will be less than 14,000 A. As an example, a moldedcase breaker with a 14,000-A interrupting capacity and operated at a 25% power factor may need derating to 11,000 A or less. It should also be pointed out that a transformer X/R ratio is specified at 20'C above its rated temperature rise, and the X/R ratios of dry-type transformers, which axe exclusively used in mine power centers, can vary significantly with changes in operating temperature.
The maximum fault-current values for the 995-V system shown in Table 1 greatly exceed the ratings of standard mineduty breakers. Even though these values are overly pessimistic, it is apparent that the standard breakers could not be used safely for these applications.
The use of high-interrupting-capacity or current-limiting molded-case breakers may be considered as an alternative, such as Westinghouse HPBM breakers with a 24,0004 symmetrical rating at 50% power factor, or Westinghouse HLCLM 1OOO-V currentlimiting breakers with a 25,000-A symmetrical rating at 50% power factor [3]. However, even the application of these breakers is questionable, depending upon the transformer impedance and the upstream impedance of the faulted circuit. Extreme caution and a detailed fault analysis, which takes into account the impedance of the transformer, all upsmam impedances, power factor d p g the fault, and other contributions of current to the fault, would have to be performed before these breakers could be safely applied. An analysis would also have to be performed for each different powercenter location, since the length of the distribution cable affects the u p s a a m impedance. Unfortunately, a detailed analysis may still reveal an inadequacy to intermpt the available fault current. If these breakers are employed, an alternative is to deliberately increase the system impedance to reduce the fault current. However, such practice is self-defeating since it compounds the problems of voltage regulation.
The better alternative is to increase the utilization voltage.
Voltages greater than 1000 V require modification applications for 30 CFR 75.1002; but, at 2400 V, maximum fault currents are reduced to such leveIi that the interrupting capabilities of circuit breakers are no longer a concern. (Table 1 indicates the significant reduction in available fault current at 2400 V as compared with 995 V.) Vacuum interrupters have more than sufficient interrupting capabilities to handle maximum fault current available from highcapacity power centers.
m. CABLE SIZES AND VOLTAGE DROPS
The longwall system illustrated in Figure 1 will be used to demonstrate the difference in cable sizes with the two utilization voltages. This system can be considered typical of high-capacity 14% longwalls, although systems with even higher horsepower requirements are presently in operation. Initial cable-size selection is based upon matching the cable ampacity with the estimated load current of the machine. Once the initial selection is made, the impedance of the selected cable is then used to determine the associated voltage drop. If the voltage drop is within an acceptable limit, the initial selection is adequate; if not, the cable size must be increased until the voltage drop is acceptable. In some instances, cables may be oversized for standardization purposes. Regardless, there exists a practical upper limit for trailing-cable size, where larger sizes are too heavy for humans to reasonably handle.
A . Estimation of Load Current
The power values for the various longwall machines in Figure 1 are given as full-load horsepowers. Even though the longwall mining process does not produce constant rated loads and typical load factors are on the order of 0.7 to 0.8 for most of the equipment, it is common practice to base the initial cable selection on full-load current. A typical power factor and efficiency of 0.85 and 0.9, respectively, is used to estimate full-load currents for each load. The full-load current estimates for each longwall machine and the associated cable sizes [5] are summarized in Table II .
B. Estimation of Voltage Drop
A computer load-flow study can be performed to determine bus voltages under normal and starting conditions, taking into account the entire power system. A trial-and-mor process may then be used with cable sizes varied until voltage drops are within acceptable limits. Computer load-flow analyses usually utilize an iterative algorithm, such as the Newton-Raphson method, to solve for bus voltages and line currents. To simplify the analysis, an alternative technique which uses equivalent impedances to model the load is employed to estimate voltage drops [4]. This method permits a closed-form solution using standard circuit analysis.
1) Full-Load Voltage Regulation.
A goal of this study is to directly compare performance of the longwall system at 995 V versus 2400 V. If a entire power system is included, the variability of impedances upstream from the power center can cloud comparison. Consequently, the upstream parameters have been ignored initially, with the primary of the power-center transformer assumed connected to an infinite bus. (The assumption obviously produces higher machine voltage conditions than would be encountered in actual operation.) Since typical power-center transformer impedances range from 0.04 to 0.06 pu, a 0.05-pu value with an X/R ratio of 4.0 is used. To permit a closed-form solution, each longwall-equipment motor is modeled as an equivalent impedance corresponding to the full-load condition. Table I1 shows typical cable sizes that may be used for the longwall installation. Normally, the maximum practical cable size for portable mining applications is considered to be 410 because of size and weight concerns, although 250 MCM is used for some applications. Table II shows that the 2400-V shearer needs only a single 4/0 cable, whereas two 410 cables are required for the 995-V system. The headgate and tailgate conveyor drives for the 2400-V system require 110 cables while the same drives for the 995-V system require 4/0 cables. The remainder of the 2400-V equipment requires #4 cables, as compared to #2 for the 995-V system. With the 2400-V system only two 410 cables are required for connecting the power center with the control center, whereas three 400 MCM cables are required for the 995-V system.
With all relevant impedances calculated, standard circuit analysis is used to calculate line currents and voltages at various points in the circuit. Table I11 illustrates the line-to-line voltages and the associated voltage regulation at each machine with all equipment operating at rated load. Table I11 also shows that significant improvements in voltage regulation occur at 2400 V. It should also be pointed out that further improvements can be achieved with the 2400-V tailgate drive by increasing the cable size. (This is not the case with the 995-V system since the cable size is already at the maximum practical l i t ) 
between the starting of the headgate and tailgate motors. However, calculations in this paper are based on simultaneous starting.
Equivalent impedances for the conveyor motors at startup is estimated by assuming a starting current of six times rated current and a power factor of 0.3. Using standard circuit-analysis techniques, system line currents and voltages are calculated for starting conditions. Table IV shows the line-to-line voltages at the conveyor motors and during startup. The voltages are subsequently employed to determine the torque reduction for each motor. Table  IV shows a 27% increase in starting torque at the tailgate drive with the 2400-V system as compared with the 995-V system.
3) In-Mine Operation. It is quite possible that the drop in motor torques shown in Table IV would result in inadequate conveyor starting in an actual installation. To illustrate this contention, the upstream impedance of an actual mine was considered, and voltage analyses were performed. ----Equipment section (only a portion of the entire system is shown). Selected load-flow results are given in Table V , which show a 29% decrease in voltage regulation for both the shearer and tailgate motors when operated at 2400 V. Conveyor-motor conditions during starting are provided in Table VI , which shows a 26% increase in starting torque for the tailgate motor with the 2400-V system. With the tailgate motor's starting torque at 49% of rated, serious questions are raised about the adequacy of the 995-V system for starting the conveyor. 
IV. CABLE TYPES, HANDLING, AND GUARDING
Federal regulations require shielded cable to be used with medium-voltage and high-voltage equipment. In general, the purpose of cable shielding is to confine the elecmc field within the cable and to maintain symmetrical radial distribution of voltage stress within the dielectric, which reduces the possibility of surface stresses [5]. However, with respect to portable mine cables, shielding has another major advantage -the reduction of electric shock hazards.
Shields used in portable mine cables consist of copper-woven braids, and two configuration types are possible -SH-D and SH-C. From a safety standpoint, SH-D is preferred since the grounding conductor is in intimate contact with the shield, and line-to-line leakage current is detectable because each individual power conductor is surrounded by the shield. The possibility of a line-toline fault within the cable is essentially eliminated. A single braided shield in SH-C cables encircles the entire assembly inside the cable jacket. Paragraph 18.47 of Title 30, Code of Federal Regulations, requires SH-D cables to be used for high-voltage (greater than loo0 V) applications. However, either SH-D or SH-C cables are permitted for medium-voltage (661 to 1000 V) applications, excluding cables with a 2-kV insulation rating used on cable reels. Therefore, the 2400-V longwall system is required to use SH-D cable, which is the preferred configuration, whereas SH-C cable could be used on the 995-V system. In-mine practice, however, has found SH-C configurations impractical for many trailing-cable applications.
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The cable insulation rating for the 2400-V system is required to be 5000 V, while a 2000-V rating is used for the 995-V system. This results in respective safety factors of 2.08 and 2.01; thus, the safety factor for the 2400-V system is slightly higher, although the difference is not significant.
Cables in the 2400-V system require guarding where miners regularly work or travel over or under cables and where cables extend from the cable handling and support systems to electric components. Grounded-metal or nonconductive flame-resistant guarding should protect cables from physical damage and prevent miners from contacting the cables. Cable guarding is not required for the 995-V system. It should also be noted that smaller-diameter cables used with the 2400-V system would have smaller allowable bending radii and may be less susceptible to damage from bending as compared with the large-diameter cables in the 995-V system.
V. PERMISSIBILITY REQUIREMENTS
Permissible electrical equipment must be designed to meet the requirements of Title 30, Code of Federat Regulations, Part 18. Paragraph 18.47 (d) (3) specifies that all high-voltage switching had to be performed remotely in fresh air. In the past, equipment with high-voltage on-board switching devices were not issued approval, but some experimental permits were provided for temporary use. The resulting criteria, which address these concerns, are welldocumented in an article by Boring and Potter [l] .
VI. PERSONNEL PROTECTION
MSHA's criteria for approval of high-voltage equipment also addresses protection for the miners who must work on or around the equipment. This protection is primarily directed toward groundfault protection, test circuits for ground-fault and ground-check protection, physical barriers or partitions within the equipment, cover interlock switches, and visible disconnects. Each of these topics and personnel training are briefly discussed. Figure 3 shows a simplified arrangement for the 995-V longwall power system with respect to ground-fault protection. The powercenter transformer has a delta primary and a wye secondary with the neutral point tied to ground through a neutral grounding resistor, as required by Title 30, Code of Federal Regulations. Figure 3 shows a line-to-ground fault with a 25-A ground-fault current. The 25-A value is controlled by the ohmic value of the neutral grounding resistor and is the maximum ground-fault current permitted for lowvoltage and medium-voltage circuits by federal regulations. (Sistems with a maximum ground-fault current of 15-A are also frequently used.) Figure 3 also shows the use of zero-sequence relaying at the power center and on each outgoing machine circuit at the cb.:irol center. All relays would normally have a maximum pickup setting of 40% of the maximum ground-fault current. Thus, a 10-A pickup would be used for a 25-A system. The relaying system at the power center provides backup ground-fault protection for the outgoing machine circuits, as well as primary protection for the cables connecting the power center with the control center. As shown in Figure 3 , a short time delay (typically 0.1 to 0.25 s) is used at the power-center relay to provide adequate coordination with the downstream relays. As an example, if a ground-fault were to occur in an outgoing machine circuit, as shown in Figure 3 , the zero-sequence relay associated with that circuit should trip its associated circuit breaker and isolate the fault without interfering with the operation of the other outgoing circuits. If for some reason the relay on the outgoing circuit failed, the relaying system at the power center would trip the power-center circuit breaker after a short delay, thus providing backup protection.
A . Ground-Fault Protection

POWER CENTER CONTROL CENTER
. . . The 2400-V systems have also been required to include backup ground-fault protection that will de-energize the high-voltage circuit to the longwall controller if a ground fault occurs with the neutral grounding resistor open. This type of protection is illustrated in Figure 4 in the form of potential relaying. Here, even if the grounding resistor is open, a line-to-neutral voltage will develop across the resistor when a ground fault occurs, and the potential relaying system will sense this voltage and hip the circuit breaker. Present regulations pertaining to 995-V systems do not have this requirement. Recent MSHA Proposed Decision Orders, which granted approval for the use of 2400-V utilization voltages, significantly strengthened the requirements for ground-fault protection. Figure 4 illustrates a simplified arrangement for the 2400-V system with the strengthened requirements included.
Overtemperature protection of the neutral grounding resistor has also been required in MSHA's Proposed Decision Orders. This type of protection (see Figure 4) opens the ground-check circuit of the incoming high-voltage circuit supplying the longwall power center, if a sustained fault causes heating of the grounding resistor. This also is not a requirement for 995-V systems. As previously mentioned, present regulations require a maximum limit of 25 A for ground-fault current for low and medium-voltage circuits. However, as part of the conditions for approval of 2400-V systems, a maximum ground-fault ~urrent limit of 6.5 A with a maximum relay pickup of 2.6 A has been specified. In fact, one mine operator is successfully using very-sensitive ground-fault relaying with a pickup of 90 mA. This is a significant Incorporation of more-sensitive ground-fault protection systems, backup potential relaying, and grounding-resistor overtemperature protection in 2400-V systems result in significant safety improvements as compared with existing requirements for 995-V systems.
B. Test Circuits
MSHA's criteria for high-voltage equipment require test circuits to be provided for checking the operation of ground-check monitors and ground-fault protection on the 2400-V system without exposing personnel to energized circuits. These test circuits are not required by the Code of Federal Regulations for 995-V systems.
C. Physical Barriers
The 2400-V systems are also required to have separate locations for high-voltage and low-voltage circuits within the longwall controller. Also, barriers or partitions are required to prevent exposure to energized high-voltage components or parts. If metal bamers are used, they are required to be grounded. Neither segregation of power and control-circuit voltages nor a barrier is required with the 995-V system.
D. Cover Interlock Switches
For the 2400-V system, cover interlock switches are required to automatically de-energize the exposed high-voltage components within the associated compartment when a cover is removed. Cover interlock switches are not required with 995-V systems.
E. Visual Disconnects
The 2400-V longwall system must be provided with a main high-voltage disconnect switch. The disconnect switch must be designed and installed so a determination can be made by visual observation that the switch contacts are open without removing any of the controller covers. In addition, a means must be provided for grounding the load side of the main disconnect switch without removing any of the controller covers. None of these features are required for the 995-V system. 
VIII. HUMAN FACTORS
Aside from the electrical aspects, another factor that may affect overall safety is the weight of the cables. Lower back injuries comprise a significant portion of accidents which occur in underground mining. Since portable mining cable must be installed and continuously moved by miners, reduced cable weight may play a role in reducing this type of injury. The use of 2400 V as a utilization voltage results in smaller-diameter cables, which in turn results in lower cable weights. However, the reduction in weight is not as large as might be expected since the 2400-V cables are required to have a higher insulation rating. Table VI1 shows the associated cable weight for each longwall machine at 995 and 2400 v ~71.
IX. CONCLUSIONS
Operational and safety aspects of 2400-V longwall systems, as compand with 995-V systems, have been presented. A 900-ft face width was chosen for the comparison, and typical longwall equipment, power requirements, and cable lengths were selected. The kVA rating of the power-center transformer was specified as 2500 kVA, with a 0.05-pu impedance and a resistance-to-reactance ratio of 4.0. Maximum fault currents were calculated for each system voltage assuming a bolted three-phase fault and an infinite bus at the primary of the power-center transformer. Maximum fault currents and interrupting capabilities of circuit breakers at both utilization voltages were then compared. Typical cable sizes were specified for each system voltage, and their respective voltage IU men invone aiagnosric rules lor me process-equipment connected at the output of the pump and inform the operator nearest to the vat that ' any . --. . . . . . . . . . . regulations were calculated. Voltage drops and motor-torque reductions were also calculated and compared for conveyor-motor starting conditions. The remainder of the paper dealt with the required safety features for each system. The paper has shown that the improvements anticipated with higher utilization voltage are achieved in this longwall applicationbetter voltage regulation, improved motor torque, and decreased cable sizes. Voltage studies with an infinite bus at the power-center prim:iry uncovered marginal performance of the 995-V system with the selected face equipment and width. Inclusion of the upstream power system illustrated the likelihood of unsatisfactory operation of 9% V, whereas the 2400-V installation would likely succeed.
United States federal requirements for high-voltage applications ;ire much more extensive than for medium voltage, but the criteria :ire practical and achievable. The enhanced safety features collectively provide a safer electrical installation at 2400 V than presently required for 995-V systems. Currently, high-voltage face utilization in U.S. underground coal mines necessitates federal approval of a modification petition. For high-capacity and wide longwall installations, the advantages of 2400-V over 995-V systems clearly show the desirability of filing for modification.
